INTRODUCTION
============

Over the last two decades, titanium has been applied in single-tooth and fixed partial dentures[@B01]. The increasing dental application of titanium is due to its excellent biocompatibility, high corrosion resistance, low density, high strength/weight ratio, high ductility, low thermal conductivity and adequate mechanical properties[@B12],[@B28],[@B31]. The lower density of titanium (4.2 g/cm^3^), compared to conventional alloys, such as cobalt-chromium (8.9 g/cm^3^) and gold (19.3 g/cm^3^), allow the fabrication of prostheses with a light weight without compromising important mechanical properties, such as tensile strength and hardness[@B12],[@B29]. In addition, titanium is an inexpensive metal that can be used to create custom cast restorations. Although special investment and casting equipment is needed to make titanium castings, the potential benefit of inexpensive and custom-made restorations is significant[@B22].

The low density, associated with a high melting point (1720°C), and the high chemical reactivity of titanium with elements in the investment[@B19], however, have produced frequent defects, including porosity and castability[@B07],[@B19]. The high chemical reactivity of titanium at high temperatures (above 600°C), mainly with silica-based investments, produces a reactive surface layer on the cast (α-case layer)[@B19] that reduces the ductility and the fatigue strength of the structure and clasps of removable partial dentures[@B28],[@B30] and may even compromise the crown fit[@B30].

Special investments containing magnesium oxide (MgO), aluminum oxide (Al~2~O~3~), zirconium oxide (ZrO~2~) and calcium oxide (CaO) have been used to produce a surface with reduced reactivity[@B08],[@B18]. However, these materials are expensive and their thermal expansion is not sufficient to compensate for the casting shrinkage of titianium[@B06],[@B17],[@B18]. Additionally, these investments do not produce a marginal fit in cast crowns of commercially pure titanium (CP Ti) comparable with those of other alloys, such as Au and Pd-Ag[@B24].

The fit of cast denture restoration is essential for the evaluation of the casting technique, as it may influence the thickness of the cement margin, periodontal soundness, and the risk of secondary caries[@B04], which are decisive factors accounting for the clinical success of restorations.

For a suitable cast crown fit, investment expansion needs to be compatible with the casting shrinkage of the metal. Thus, it is necessary to establish a mold temperature that produces a suitable thermal expansion, which, associated with the setting expansion, may compensate for the cast metal shrinkage. Manufacturers have suggested that the setting and thermal expansions of Rematitan Plus investment, specific for titanium, may be controlled by the concentration of the special liquid, and this has been confirmed by a study by Soo, et al.[@B26] (2001), who evaluated the setting and thermal expansions of Rematitan Plus, Rema Exact and GC Fujivest investments by changing the concentration of their special liquids.

Previous studies, considering the importance of mold temperature[@B25]·[@B26] and the concentration of the investment special liquid[@B23] on the quality of titanium casting, found an unsatisfactory fit with the Rematitan Plus investment when using the conditions recommended by the manufacturer, namely, a liquid concentration of 100% and mold temperature of430°C. Thus, the null hypothesis of this study was that the effect caused by the concentration of the special liquid and by the temperature of the mold of Rematitan Plus investment on the internal fit of CP Ti crowns is not significant.

MATERIAL AND METHODS
====================

The tested metal was grade 2 commercially pure titanium (President Titanium., Hanson, MA, USA). Individual polyvinyl siloxane impressions were used to duplicate steel stylized die and create sets of epoxy resin (Epo-Thin; Buehler Uk Ltd., Coventry, West Midlands, England) ([Figure 1](#f01){ref-type="fig"}). The steel dies represent teeth prepared for full-crown molar restoration with the following dimensions: length (6.0 mm), shoulder (1.0 mm), die diameter (7.0 mm), occlusal diameter (5.7 mm), and with a 6-degree axial surface convergence angle. Labial surface was marked with a thin line, and all wax patterns received this mark to ensure proper orientation of crown casting. For waxing of each crown, a ring-shaped stainless-steel matrix, 8.0 mm internal diameter and 7.5 mm height, was adapted above the individual dies of epoxy resin ([Figure 2](#f02){ref-type="fig"}). The individual sprued pattern was mounted on crucible formers so that the length of exposed sprue (4 mm diameter) was about 10 mm ([Figure 3](#f03){ref-type="fig"}). The pattern was then placed in a plastic casting ring (number 3; Dentaurum J. P. Winkelstroeter KG, Pforzheim, Germany). Individual patterns were used with the aim of preventing different specimens from showing the same internal misfit behavior.
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Two hundred grams of Rematitan Plus dental casting investment (Dentaurum J. P. Winkelstroeter KG, Pforzheim, Germany) were weighed for each ring and two different concentrations of special liquid, 100% and 75%, diluted in water, were measured with a 25 cm^3^ pipette, and then mixed according to the manufacturer\'s instructions. The molds were heated to 150°C for dewaxing, and kept at that temperature for 90 minutes, then heated to 250°C, and kept at that temperature for 90 minutes. Molds were then heated to 1000°C for 1 hour to ensure thermal expansion. Heating was carried out in an electric furnace EDG 7000 (EDG Equipments; São Carlos, SP, Brazil) at 5°C/minute. The molds were slowly cooled inside the furnace to the three different temperatures; 430°C recommended by manufacturer, 600°C (the expansion maximum, according to the expansion curve of the manufacturer) and 515°C (an intermediate value).

At the final temperature, the molds were inserted in the Discovery Plasma Ar-arc vacuum-pressure casting machine (EDG Equipments, São Carlos, SP, Brazil), which consists of two chambers: 1) an upper melting chamber, which houses a copper crucible and a tungsten electrode; and 2) a lower casting chamber placed in the invested mold. For each casting, 22 g of alloy was used.

All castings were carefully removed from the mold, scrubbed under running water and cleaned in water using an ultrasonic cleaner (Ultrasonic Cleaner; Odontobras, Ribeirão Preto, SP, Brazil). Finally, each casting was ultrasonicated individually in a solution (1% HF + 13% HNO~3~) for 10 min once again. The castings were carefully examined for any irregularities and nodules, with no internal adaptation made. A cutting disc (Dentaurum J. P., Winkelstroeter KG, Pforzheim, Germany) was used to separate the crown from the sprue. Subsequently, all castings were luted with zinc phosphate cement to the individual die epoxy resin under a 5 kg static load[@B05].

The crown and die assemblies were embedded in acrylic resin and sectioned through the long axes with a slow-speed diamond saw (Isomet Saw; Beuhler, Ltd., Lake Bluff, IL, USA) The specimens were bisected buccolingually and one of the cut surfaces of each specimen was finished with 600-grit abrasive paper (Buehler Uk Ltd., Coventry, West Midlands, England), using a rotary equipment (Metaserv 2000; Buehler Uk Ltd., Coventry, West Midlands, England) to remove saw-induced distortions.

Eight specimens *per* experimental condition were prepared, observed under a stereoscopy lens (10X), and the image was captured by a digital camera (JVC TK1380U CCD; JVC Ltd., Tokyo, Japan) ([Figure 4](#f04){ref-type="fig"}). A Leica Qwin image analysis system (Leica Microsystems Imaging Solutions Ltd., Cambridge, England) was used to measure the area represented by zinc phosphate cement, which corresponded to the area (mm^2^) of internal misfit of the CP Ti crowns. The misfit occurred in the entire infrastructure/prepared surface interface and there was uniformity between the axial surface, and between the misfit of the occlusal surface and the crown\'s edge ([Figure 4](#f04){ref-type="fig"}).
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Internal misfit means and standard deviations of the 8 specimens of each group were statistically compared using a Kruskal-Wallis non-parametric test (p = 0.05) because the lack of homogeneous variances did not allow the use of parametric statistics.

RESULTS
=======

[Table 1](#t01){ref-type="table"} presents the results of Kruskal-Wallis test, comparing the concentrations of the special liquid (100% and 75%) and mold temperatures (430°C, 515°C and 600°C). [Tables 2](#t02){ref-type="table"} and [3](#t03){ref-type="table"} display the comparisons between both liquid concentrations at each temperature and among the three temperatures at each special liquid concentration.

###### Kruskal-Wallis test results for analysis of differences among groups

  ----------------------------- --------------
  Value of Kruskal-Wallis (H)   19.6408
  Difference among groups       x^2^ = 19.64
                                p = 0.15%
  ----------------------------- --------------

Significant to the level of 1% (p\<0.01)

###### Minimum, maximum and mean values (mm2) and standard deviations of internal misfit of the concentrations for each mold temperature

  Temperature   Concentration   Minimum   Maximum        Means (SD)    Contrast
  ------------- --------------- --------- -------------- ------------- ----------
  430°C         100% (n=8)      4.38      8.87           7.25 (1.59)   A
  75% (n=8)     5.67            10.92     8.43 (1.77)    A             
  515°C         100% (n=8)      8.36      10.59          9.94 (1.18)   A
  75% (n=8)     9.71            13.03     11.73 (1.00)   B             
  600°C         100% (n=8)      5.72      11.37          8.8 (2.25)    A
  75% (n=8)     6.00            13.14     9.33 (2.31)    A             

Different letters indicate statistically significant difference at 5%.

###### Minimum, maximum and mean values (mm2) and standard deviations of internal misfit of the mold temperatures for each concentration

  Concentration   Temperature   Minimum   Maximum        Means (dp)    Contrast
  --------------- ------------- --------- -------------- ------------- ----------
  100%            430°C (n=8)   4.38      8.87           7.25 (1,59)   A
  600°C (n=8)     5.72          11.37     8.80 (2.25)    AB            
  515°C (n=8)     8.36          10.59     9.94 (1.18)    B             
  75%             430°C (n=8)   3.67      10.92          8.43 (1.77)   A
  600°C (n=8)     6.00          13.14     9.33 (2.31)    A             
  515°C (n=8)     9.71          13.03     11.73 (1.00)   B             

Different letters indicate statistically significant difference at 5%.

At 430°C, the concentrations of 100% (7.25 mm^2^ ± 1.59) and 75% (8.43 mm^2^± 1.77) presented statistically similar levels of internal misfit (p\<0.01). At 515°C, the concentration of 100% (9.94 mm^2^ ± 1.18) presented lower levels of misfit than the concentration of 75% (11.73 mm^2^ ± 1.0) (p\>0.01). At 600°C, there was no significant difference between the concentrations of 100% (8.8 mm^2^ ± 2.25) and 75% (9.33 mm^2^ ± 2.31) (p\>0.01) ([Figures 4](#f04){ref-type="fig"}--[6](#f06){ref-type="fig"}).
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With regard to the different liquid concentrations, at 100% concentration, the temperature of430°C (7.25 mm^2^) presented a smaller misfit than at 515°C (9.94 mm^2^) and was statistically similar to the misfit obtained with 600°C (8.8 mm^2^), which did not demonstrate any significant difference at 515°C. At a concentration of 75%, the temperatures of430°C (8.43 mm^2^) and 600°C (9.33 mm^2^) presented statistically similar levels of internal misfit, which were lower than those obtained at 515°C (11.73 mm^2^).

Considering the combinations of liquid concentration and mold temperatures on the casting of Rematitan Plus investment, the groups 430°C/100% and 600°C/100% were statistically similar, presenting the lowest levels of internal misfit (7.25 mm^2^and 8.8 mm^2^, respectively).

DISCUSSION
==========

The special liquid of Rematitan Plus investment consists of a colloidal silica solution in water, and it is used with the purpose of adjusting setting and thermal expansions by its dilution in water[@B14]. The manufacturer suggests that both expansions may be increased by controlling the concentration of the special liquid, to compensate the metal and wax pattern.

Among the several factors that may compensate for the metal casting shrinkage occurring during the casting process, setting and thermal expansions are recognized as the most important[@B16]. Morey[@B20] (1992) suggested that the setting expansion of the investment should be near 0.05%, sufficient just to harmonize with wax expansion. Another study[@B03] confirmed this statement, reporting that investments with low setting expansions were less affected by restriction forces, and suggested that investments undergo the smallest setting expansion possible, to avoid distortion of the wax pattern, and high thermal expansion to compensate for the casting shrinkage of the metal[@B20].

In addition to the concentration of the special liquid, mold temperature may be varied in an attempt to adjust the thermal expansion to the thermal shrinkage coefficient of titanium[@B28],[@B29]. When used as recommended by the manufacturer (100%/ 430°C), Rematitan Plus investment, specific for titanium, did not provide fit levels that were comparable to those of conventional alloys[@B21]. Taking this into consideration, the present study investigated the effect of altering the concentration of the special liquid and the mold temperature for Rematitan Plus investment on both setting and thermal expansions, on the internal misfit of CP Ti crowns.

At temperatures of430°C and 600°C, the dilution of 75% special liquid did not significantly increase internal misfit levels. On the other hand, at 515°C, this dilution resulted in a significant increase in internal misfit levels ([Table 2](#t02){ref-type="table"}). These results showed that dilution of Rematitan Plus investment liquid did not improve the internal misfit levels of CP Ti crowns; rather, at 515°C, it resulted in higher internal misfit levels.

Hutton and Marshall[@B09] (1993) demonstrated a large reduction in the investment setting expansion with the dilution of special liquid in distilled water. This occurs because there is higher silica content in the concentrated special liquid, which increases the silica-based investment setting expansion[@B08]. Soo, et al.[@B26] (2001) also observed an increase in the setting and thermal expansions with the increase in the concentrations of the special liquid of Rematitan Plus, Rema Exakt and GC Fujivest investments.

Although no significant difference was found between the 100% and 75% concentrations at 430°C and 600°C, a trend for increased internal misfit levels of the CP Ti crowns was observed with dilution of Rematitan Plus investment special liquid. This may have occurred due to the decrease of total expansion with liquid dilution, confirming the findings of Low and Mori[@B16](1999), who reported a high correlation coefficient (R=0.87) between the thermal expansion and the dimension accuracy of titanium cast crown.

Considering the concentrations of special liquid evaluated, 100% and 75%, the temperature of 515°C resulted in a significant increase in the internal misfit levels ([Table 3](#t03){ref-type="table"}). However, there was no statistically significant difference between these concentrations at 430°C and 600°C. The increase in mold temperature may cause an increase in thermal expansion and a consequently higher compensation of titanium shrinkage casting, producing crowns with lower misfit levels. On the other hand, Inoue, et al.[@B11](2001) evaluated the dimensional changes and setting accuracy of CP Ti crowns, obtained under various mold temperatures, and observed a increase in the misfit with the increase of mold temperature. Still according to Inoue, et al.[@B11](2001), the misfit of the occlusal portion of the crown was greater than that of the cervical portion. This supposedly occurred due to the higher heating of the occlusal surface by the cast titanium because the sprue was located in the center of that surface[@B11].

The results of the present study suggest that other factors may be more important than the increase in total expansion. The reaction layer of the titanium surface is a probable factor, considering that titanium has a high chemical reactivity at elevated temperatures[@B13],[@B24],[@B28].

The higher internal misfit levels obtained at 515°C compared to 600°C, when using the 75% concentration, probably occurred because the total internal expansion at 515°C was not sufficient to compensate for the effect of the reaction layer on titanium surface. On the other hand, at 600°C, although the reactivity of the layer is higher due to the higher temperature, the higher expansion was probably compensated, in part, by the reaction layer.

In conclusion, the changes in the concentration of the special liquid and mold temperature of Rematitan Plus investment did not result in any improvement in the internal misfit levels of the CP Ti casting crowns, compared to the conditions recommended by manufacturers, i.e. 100% liquid concentration and a mold temperature of430°C.

Given that conventional preheating furnaces are of low accuracy (more than 10°C/minus from the nominal temperature shown in the display) and that it usually takes more than 2 minutes before casting is completed after removal of molds from the oven, it is difficult to determine the real temperature of the mold at the moment of casting. This could be considered a limitation of the present study.

Although the fit of titanium casting crowns has been evaluated[@B10],[@B14],[@B23],[@B30], most available information refers to marginal fit. The lack of studies addressing internal misfit based on the evaluation of cement area (mm^2^) together with differences in methodologies hinder any comparisons of the study outcomes. However, a possible relation between the values of internal and marginal misfit may be expected because the discrepancy that occurred on the occlusal surface of the die seems to correspond to that of the cervical margin.

Thus, the clinical benefit of the internal fit test is that it may represent an important tool to evaluate denture structure fit. Al Wazzan and Al-Nazzawi[@B01] (2007) evaluated marginal and internal fit of CP Ti and Ti-6Al-4V crowns and showed that Ti-6Al-4V had less fit discrepancy than CPTi. However, both castings were considered clinically acceptable. Several authors agree that a marginal gap of less than 100 μm appears to be within the acceptable range for clinical longevity restorations[@B02],[@B14],[@B18]. Mid-occlusal internal fit has been shown to present better gap discrepancy than the axial internal fit.

These results are consistent with those of the present study, as shown on [Figures 4](#f04){ref-type="fig"}--[6](#f06){ref-type="fig"}. The most plausible explanation for the difference in the internal discrepancy between occlusal and axial areas is the expansion behavior of the investment material in the casting ring. During setting expansion, the axial surfaces are substantially restricted because it is oriented towards an open end of the investment ring. Moreover, thermal expansion of the investment may further allow the occlusal surface to expand more during wax elimination, consequently increasing the occlusal internal gap[@B01]. Further research is needed to clarify the favorable relationship between the cement space and the casting shrinkage value[@B32].

CONCLUSION
==========

Within of limits this study, the following conclusions may be drawn. Dilution of the special liquid of Rematitan Plus investment did not result in any improvement in the levels of internal fit of the commercially pure titanium cast crowns, regardless of mold temperature. In addition, at a mold temperature of 515°C, regardless of liquid concentration, a significant increase in internal fit levels was observed, thus rejecting the null hypothesis.
